Introduction
A large part of the total pressure increase of a fan is often available as dynamic pressure at the outlet. Annular diffusers are used to reduce the dynamic pressure downstream the impeller of the axial fan. Figure 1 shows a common fan-diffuser configuration in a thermal power plant for fresh air supply. In order to achieve a high efficiency of the configuration, the dynamic pressure needs to be converted into a static pressure increase. The outflow profile of the fan respectively the diffuser inflow profile depends on the operation point of the fan and can therefore affect the diffuser efficiency. The goal of this study is to determine the pressure recovery coefficient cp of the configuration for different inflow profiles.
Annular diffusers are investigated in several studies. The most notable work was conducted by Sovran and Klomp [1] . They investigated pressure recovery for different diffuser lengths and area ratios for inflow profiles with low aerodynamic blockage B. Their diffuser performance chart is commonly used as a guideline for diffuser construction. Stevens and Williams [2] examined the performance of two annular diffuser configurations. They performed experiments for an undisturbed inlet profile, a fully developed profile and one with increased turbulent mixing. According to their research the inlet profile and the turbulence intensity have a strong impact on the overall pressure recovery. In 1982, Dierksen published datasets of velocity profiles in annular diffusers measured by Laser Doppler Velocimetry [3] . Japikse published a study on the influence of geometry, swirl and blockage on the annular diffuser flow [4] . He derived a correlation based on measurements to estimate the diffuser performance.
It is necessary to understanding the effect of the fan outflow profile on the diffuser flow to improve the performance of fan-diffuser-piping configurations. In the present study, a fan outflow profile is reproduced and the diffuser flow characteristics are analysed. The results are compared to the flow characteristics of the diffuser with undisturbed inflow. In order to achieve realistic reference data at the diffuser inlet, in-situ profile measurements at the outlet of an axial fan in a coal-fired power plant are used as reference. Besides the velocity profiles and the pressure recovery a closer look is taken on the wall shear stress distribution in the diffuser and downstream to characterize the flow stability. Therefore a test rig is constructed. The annular diffuser is designed according to state of art diffusers in power plants at a laboratory scale. The geometry of the diffuser is chosen according to the guideline of Sovran and Klomp, fig. 2 . By means of their chart the pressure recovery cp for a given diffuser length (cp*) can be determined. A pressure recovery cp of 0.59 is expected for the investigated diffuser.
Experimental apparatus and methods
The test rig is shown in fig. 3 . A filter is installed in front of the inlet nozzle to homogenize the inflow and keep the airflow clean. The entry section ensures the laminar to turbulent transition of the boundary layer. The test rig is designed to conduct experiments for different inflow profiles. Therefore an installation section for screens is arranged 1.5s upstream the annular diffuser. The housing of the diffuser is conical. The hub, which is installed in the center, is cylindrical and aligned by radial struts at the inlet and the outlet of the diffuser. The annular diffuser is connected to a cylindrical pipe. The hub ends at the beginning of the pipe. This installation is followed by a plenum chamber and a radial fan. The opening angle of the annular diffuser is α/2 = 7.2°. The test rig is constructed with laser cut sheet metal. The accuracy of laser cutting machine is ±0.05 mm. In the present study, two different diffuser inlet profiles are analyzed. An undisturbed profile and a typical axial fan outflow profile. Figure 4 shows the mean axial velocity profiles c ax at the diffuser inlet. The profiles are averaged in circumferential direction (4 axes). The reference profile, fig. 4 , is measured in a power plant fan working at nominal load. The investigated fan is equipped with guide vanes downstream the impeller of the fan to remove the swirl in the flow. The velocity profile shows a maximum at the outer region of the annular gap (s i /s ≈ 0.75). Due to harsh measurement conditions in the power plant, the boundary layers could not be resolved. The fan outflow profile is reconstructed at the inlet of the test rig diffuser by the superposition of two screens, fig. 5 . The screens are mounted in the installation section upstream the annular diffuser of the rig.
According to Traupel [5] a Reynolds independence of the diffuser flow is achieved at Reynolds Numbers Re > 1•10 5 and Mach Numbers Ma < 0.7. In the present study experiments are performed at Re ≈ 4•10 5 and Ma ≈ 0.1.
Measurement technique
The velocity profiles are measured with a Prandtl probe and a MKS Baratron pressure converter. An integration time of 10 seconds is used for averaging. The boundary layer displacement correction according to Mc-Millan is applied. This correction can be found in [6] . The wall shear stress is determined with an extended Preston method CPM3 [7] . This method is based on the extended law of the wall according to Szablewski (eq. 1), which considers an adverse pressure gradient: 
The parameters κ, A + , p + have to be determined to find the local law of the wall. Near wall velocity measurements are conducted with pressure probes. The law of the wall (1) is transferred in its dimensional formulation using the friction velocity u τ . A parameter variation of u τ , κ, A + , p + is done until an appropriate fit of the measured near wall profile and law of the wall is found. The interested reader is referred to Nitsche A computational Preston tube method [7] for more detailed information. The turbulence intensity Tu is measured at the diffuser inlet. Therefore a 1-D single wire probe with a Dantec Streamline hot wire system is used.
Measurement sections
Velocity measurements are conducted at the diffuser inlet (MP1), the diffuser outlet (MP4) and downstream the diffuser (MP5, MP6, MP7) in four axes (0°, 90°, 180°, 270°), fig.  6 . At MP2 and MP3 one axis (0°) is measured. The turbulence intensity Tu is recorded at diffuser inlet (MP1, 0°). The wall shear stresses τ Wall and the near wall velocity profiles are measured at one circumferential position (0°).
Figure 5. Screens for inflow disturbance
The inlet conditions in the diffuser are described in tab. 1. The mean turbulence intensity (Tu) at the inlet of the undisturbed inflow configuration is Tu = 5.4% and in the disturbed configuration Tu = 5.7%. In both configurations, a Reynolds independency is expected (Re > 1•10 5 ). In order to quantify the blockage of the profile at the inlet, the aerodynamic blockage B (eq. 3) is introduced analogous to [1, 4] : Figure 7 shows the development of the velocity profile in the diffuser. The strong dependence of the diffuser outflow profile on the inflow characteristic is clearly visible. The undisturbed profile develops a velocity maximum close to the hub. The velocity maximum of the disturbed inlet profile is located in the outer region of the annular gap. This maximum gets amplified in the diffuser. Flow separation is detected at the hub of the diffuser outlet. In order to quantify the flow homogeneity the distortion parameter D (eq. 4) is introduced [8] . If the parameter D equals zero, the flow profile is uniform. In order to take a closer look on the flow stability in the annular diffuser, the wall shear stress is analysed at the hub and the housing of the diffuser. Therefore the CPM3 Method is used. The CPM3 leads to the law of the wall and the corresponding wall shear stress. In figs. 9 and 10, the law of the wall and the near wall velocity measurements are plotted. There is a good agreement of measurement points and the law of the wall.
Figure 10. Near wall velocity profiles for disturbed inflow; (a) diffuser inlet and (b) diffuser outlet
Both inflow profiles follow the law of the wall for κ = 0.4 and A + = 26 in the near wall region at the inlet (MP1) figs. 9 and 10, left). The pressure increase in the diffuser has to be considered at the outlet (MP4). The best fit for the extended law of the wall is found for p + = 0.02 at the hub and for p + = 0.04 at the housing (undisturbed inflow profile, fig. 9 right). The law of the disturbed profile is approximated with p + = 0.04 at the housing in MP4 ( fig. 10  right) . The wall shear stress at the hub cannot be determined due to flow separation.
Next, the flow stability is discussed. There are different parameters indicating a stable forward flow. An overview is given in [9] . In this study a simple approach is chosen. It is assumed that the wall shear stress of a flat plate at corresponding outer flow velocity and distance indicates a stable forward flow. The wall shear stress of the diffuser flow is related to the theoretical wall shear stress of a flat plate. In this study a formulation according to Schlichting [10] is used to calculate the wall shear stress along a plate: (5) Figure 11 shows the wall shear stress distribution along the hub and the housing for both inflow profiles. The wall shear stress at the inlet of the undisturbed inflow configuration is close to the wall shear stress of a flat plate. It decreases in the diffuser. At the outlet it is only 76 % (hub) respectively 51% (housing) of the corresponding wall shear stress of a flat plate ( fig. 11 left) .
Next the disturbed inflow is discussed ( fig. 11 right) . The wall shear stress at the housing of the diffuser inlet is 1.4 times higher than the corresponding stress of a flat plate. In the diffuser this maximum value decreases to a local minimum of 1.12 at 2/3 of the diffuser length and rises again to 1.19 at the diffuser outlet.
The wall shear stress at the hub at the inlet is only 75% of the reference value and it decreases in mean flow direction. The flow separates close to the diffuser outlet.
Flow downstream the annular diffuser
The flow downstream the annular diffuser is investigated. The hub ends at the outlet of the annular diffuser. This sudden increase of area causes a wake area downstream the hub. Figure 12 shows the flow profiles downstream the diffuser. The wake area is filled for both configurations at x/s = 3 (MP6). They reach a similar level of homogeneity D ≈ 0.8 at x/s = 1.5 (MP5), fig. 13 . 
Pressure recovery of the configuration
The configuration can be split in two kinds of diffusers, an annular diffuser and a Carnot diffuser (end of hub). The maximum pressure coefficient for an inviscid flow can be calculated as follows:
In order to get a more realistic estimation of the pressure recovery, the recovery mechanisms of this configuration are separately analysed. The recovery coefficient cp is divided into three components:
where cp 1 is pressure recovery of the annular diffuser, cp 2 is pressure recovery of the Carnot diffuser and cp profile is pressure recovery due to rehomogenisation of the velocity profile downstream the hub.
There are various studies on pressure recovery cp 1 in annular diffusers [1, 2, 4] . The design chart of Sovran and Klomp [1] leads to the pressure recovery coefficient. However, the influence of a distorted inflow profile is not considered. A more realistic estimation is given by Japikse [5] . His correlation takes additionally the influence of the area ratio (AR) and the inlet blockage (B) into account:
The pressure recovery cp 2 of the dump diffuser is calculated according to Carnot formula: 
The outflow profile of the annular diffuser is inhomogeneous. The flow profile homogenizes again downstream the hub, figs. 12 and 13. This effect causes a static pressure rise, which can be calculated by the following formula: 
The experimentally determined pressure recovery coefficient cp at measurement plane 4 (diffuser outlet) is 0.54 for the undisturbed inflow and 0.43 for the disturbed inflow, fig. 16 . This result reflects the influence of the increased inlet blockage B of the configuration with disturbed inflow. Japikse's correlation for annular diffuser performance leads to results which are close to the experiments (cp MP4,disturbed Profile = 0.52, cp MP4 , undisturbed Profile = 0.44). Downstream the annular diffuser two pressure recovery mechanisms are combined, the pressure recovery of the Carnot diffuser cp 2 and the pressure recovery due to the rehomogenisation of the profile cp Profile . The pressure recovery of the Carnot diffuser is dependent on the geometry (for this configuration cp 2 = 0.072 according to Carnot). The reduction of the profile distortion leads to a static pressure recovery cp Profile,disturbed inflow of 0.031 respectively cp Profile,undisturbed inflow = 0.021 at MP7. In total, the pressure recovery of the undisturbed configuration cp undisturbed inflow is 0.61 and for the disturbed inflow cp disturbed inflow = 0.54 according to the correlations. These results are in good agreement with the measurement of the static pressure rise in the configuration cp exp,undisturbed inflow = 0.60 and cp exp,disturbed inflow = 0.55. 
Conclusions
The flow characteristic in the diffuser strongly depends on the inlet profile. While the undisturbed profile leads to a stable forward flow at the hub, the typical fan outflow profile (disturbed profile) shows low wall shear stresses at the hub and thus has the tendency to separate there. The pressure recovery of the annular diffuser is also influenced by the inflow profile. The correlation of Japikse could be confirmed by the measurements. Downstream the annular diffuser a further pressure rise is caused by the sudden enlargement of the area (Carnot diffuser) and the rehomogenization of the velocity profile in the cylindrical pipe. The wake area downstream the hub is filled up and the velocity peaks are attenuated. The pressure recovery for the configuration with undisturbed inflow is 60% in MP7. The disturbed inflow configuration disturbed inflow converts 55% of dynamic pressure into static pressure (MP7). 
